Introduction
Female sexual receptivity is an important component of both male and female fitness. The level of sexual receptivity defines the probability that a female will mate, and may be affected by the male she previously mated with, and the identity of the new mating partner as well as by environmental factors. The level of female receptivity is expected to be associated with sperm supply. Female fitness depends on receiving sufficient sperm to maximize fertility, indeed, sperm replenishment was found to be the predominant explanation of multiple mating in a variety of insects (Ridley, 1988; Arnqvist & Nilsson, 2000) . Females are generally predicted to have an optimum mating rate that is lower than that for males, because given a sufficient sperm supply, females gain less of an increase in reproductive success than do males with each additional mating. Thus, on average, females are expected to be less willing to mate than males. If forced copulation is assumed to be uncommon in insects (Thornhill, 1980) , it follows that male fitness is also dependent on female acceptance of copulation.
Female behaviour is known to influence the acceptance of copulation in a number of species. Physical rejection of advances by males may be achieved by walking or flying away, extrusion of the ovipositor or lifting the abdomen, as well as kicking and wing movements (Connolly & Cook, 1973; Bergh et al., 1992; Heady, 1993; Fox & Hickman, 1994; Ringo, 1996) . If females are able to successfully reject male mating advances then fertilization may be, at least in part, controlled by female acceptance of copulation.
Female receptivity can be influenced by environmental or physiological factors in insects. Female Drosophila melanogaster given access to food were shown to remate at a higher level than those denied food (Harshman et al., 1988) . Another environmental influence is the availability of oviposition sites. In D. melanogaster (Trevitt et al., 1988) and the bruchid beetle, Callosobruchus maculatus Keywords:
eyespan; female receptivity; mating; stalk-eyed fly.
Abstract
The level of female sexual receptivity is an important component of male and female reproductive success. In many insects, mating itself causes a sharp decline in female receptivity. This can be a direct result of the physical act of mating, or because of actions of sperm or seminal fluid proteins. The degree to which males can decrease female receptivity will directly affect their reproductive success, by altering the chance that their sperm will be used in fertilizations in the interval before the female mates again. In this study, we investigated the effect of mating on female receptivity in the sexually dimorphic stalk-eyed fly, Cyrtodiopsis dalmanni. Our results showed no evidence for mating-induced reductions in female receptivity. In addition, we found that matings with males that differed in eyespan did not cause differences in the level of female receptivity. There was also no evidence that females remated sooner when presented with large eyespan males. These results are surprising, given the indirect benefits that females gain from matings with large eyespan males. Finally we demonstrate that males do not appear to discriminate between females on the basis of female mating status. (Fox & Hickman, 1994) , females able to oviposit regained receptivity to courting males more readily. In addition to these environmental influences, mating itself causes a sharp decline in female receptivity in many insects.
The effects of mating on female receptivity fall into three categories: behavioural, mechanical and chemical. The post-copulatory behaviour of the anthophorid bee, Centris pallida, involves tactile and acoustic displays that suppress female receptivity (Alcock & Buchmann, 1985) . Allen et al. (1994) found that guarding and associated post-copulatory behaviour helped 'switch off' female receptivity in a parasitoid wasp, Aphytis melinus. The presence of male ejaculate in the female reproductive tract may act as a mechanical signal or physical barrier to decrease receptivity. For example, in two species of cockroach, Supella longipalpa and Blattella germanica, receptivity is suppressed temporarily by a spermatophore in the bursa copulatrix, and completely by the presence of sperm in the spermathecae (Smith & Schal, 1990; Liang & Schal, 1994) . In the tsetse fly, Glossina mositans, receptivity can be suppressed by implanting glass beads into the uteri of virgin females (Gillott & Langley, 1981) . The presence of mating plugs can also prevent remating, for example in the dung fly, Coproica vagans (Lachmann, 2000) . Seminal fluid proteins secreted from male accessory glands have been shown to decease female receptivity in a number of species, including mosquitoes, Aedes aegypti (Craig, 1967) ; the house fly, Musca domestica (Riemann & Thorson, 1969) ; the onion fly, Delia antiqua (Spencer et al., 1992) and the planthopper, Prokelisia dolus (Heady, 1993) .
Several studies have shown that a combination of behavioural, mechanical and chemical factors influence female receptivity. Bergh et al. (1992) found that the mechanical stimuli associated with the act of mating were important for triggering a refractory period in the Hessian fly, Mayetiola destructor. However, the transfer of a chemical component of the male reproductive tract in the ejaculate was necessary to prolong the suppression of sexual receptivity. In D. melanogaster, a male accessory gland protein known as the 'sex peptide', which is transferred to females during mating, can decrease female receptivity for 1-2 days (Chen et al., 1988) . The presence of sperm is necessary for a persistent reduction in female receptivity for up to 12 days (Kalb et al., 1993) . In the grasshopper Gomphocerus rufus (Hartmann & Loher, 1999) , female receptivity can be decreased by behavioural factors (copulation duration is over 2 h whereas insemination occurs in only 3-4 min), mechanical factors (the empty spermatophore acts as a mating plug) and chemical factors (secretions from the male accessory glands).
In species in which both males and females mate multiply, sexual selection will favour male adaptations that enhance the success of their own vs. rival sperm (Parker, 1970) . Males may be selected to decrease female receptivity in order to increase their chances in sperm competition. Females of the stalk-eyed fly, Cyrtodiopsis dalmanni (Wiedemann), show high sexual receptivity and frequent multiple mating by both sexes. Recent work by Baker et al. (2001 1 ) demonstrates direct benefits of multiple mating for female C. dalmanni. Females are sperm limited and full fertility is only achieved after multiple mating. Matings occur predominately in the dawn and dusk period when flies are aggregated on root hairs (Wilkinson & Reillo, 1994; Wilkinson et al., 1998a) .
Cyrtodiopsis dalmanni exhibit sexual dimorphism for eyespan (ES) width, with males having exaggerated ES. Selection for the extreme exaggeration in males is presumed to have been driven by sexual selection. Male ES is an important fitness trait, influencing competitive success in contests with other males (Burkhardt et al., 1994; Panhuis & Wilkinson, 1999) . In addition, female choice for males with large ES has been demonstrated (Burkhardt & de la Motte, 1988; Hingle et al., 2001) , and shown to have indirect genetic benefits (Wilkinson et al., 1998b; David et al., 2000) .
In this study, we investigated the effect of mating on female receptivity. We tested whether stalk-eyed fly females mated with 'initial' males had reduced sexual receptivity to subsequent matings with 'assay' males, as compared with females that had no 'initial' matings. Given the strong female preference for matings with large ES males (Burkhardt & de la Motte, 1988; Hingle et al., 2001) , we tested the predictions that females would (a) show decreased receptivity after matings with large ES 'initial' males and (b) show increased probability of remating with large ES 'assay' males. Finally, we investigated whether there was any bias among 'assay' males for matings with either unmated or mated females.
Materials and methods

Stocks and cultures
The flies used were from a laboratory population of C. dalmanni, which was founded in 1993 from individuals captured in Gombak, Malaysia. The population has been kept above 200 individuals, to minimize any effects of inbreeding, in population cages at 25°C on a 12 h:12 h dark:light cycle. Flies were fed puré ed maize, which was replaced twice weekly. Adults were collected at eclosion and maintained in mixed sex groups for 8-12 weeks until they were used in the experiments. Adults reach sexual maturity at 3-4 weeks, thus the flies used in experiments were sexually mature, nonvirgins from the same cohort.
Measurements were made using a monocular microscope connected to an Apple Macintosh (Quadra 650) 2 . Male ES was the distance between the tips of the eye bulbs, in mm, and measurements were computed using NIH image software (version 1.55, National Institute of Health, USA) 3
. Males were assigned to groups as follows: large ES males had an ES >8.5 mm, small ES males had an ES of <7.5 mm and intermediate ES males had an ES between 7.5 and 8.5 mm. Females used were selected randomly with respect to ES.
Receptivity tests
A series of three experiments were performed. In each experiment we compared females which had been mated to 'initial' males with females that were unmated, by quantifying their subsequent receptivity with 'assay' males. Three days before the receptivity assays, females were placed in single sex groups. On the morning of the assay, one half of the females were placed with 'initial' males in a container at a 1:1 sex ratio for 1 h following lights on, at the artificial dawn (hereafter, 'mated' females). The other half of the females were similarly placed in a container at dawn, but in single sex groups, without males ('unmated' females).
In each experiment, the subsequent receptivity of 'mated' and 'unmated' females was then quantified by placing them together with 'assay' males at various times, depending on the experiment, after the artificial dawn. Receptivity was then scored over the next 1-1.5 h (depending on the experiment) as (i) the time until first mating, (ii) number of female rejections and (iii) number of matings over 40 s. Rejection behaviour was defined as kicking or wing movement, when a male attempted to mount the female. Matings shorter than 40 s are unlikely to result in the transfer of ejaculate (Lorch et al., 1993 4 ), and were omitted from the analysis.
The effect of mating on female receptivity 'Mated' and 'unmated' females were placed individually in 400 mL containers (height ¼ 95 mm, diameter ¼ 75 mm) with one intermediate ES 'assay' male each. Receptivity was recorded for 1 h, and three assays were performed: 1 h after dawn (n ¼ 55 for 'mated' and 'unmated' groups); 2.5 h after dawn (n ¼ 56, each group) and 6 h after dawn (n ¼ 44, each group).
The effect of large and small ES males on female receptivity
We investigated whether the ES of the 'initial' male altered the magnitude of any mating-induced reductions in receptivity. In addition, the receptivity of females mated to 'assay' males with both large and small ES, was compared. Females were placed into one of three experimental groups: (i) 'unmated' females (n ¼ 40), (ii) females mated with small ES 'initial' males (n ¼ 40) and (iii) females mated with large ES 'initial' males (n ¼ 40). Females from each group were placed individually in containers (dimensions specified above) with a single assay male each. For each assay, half of each group of females was assayed using a large ES 'assay' male, the other half were assayed using a small ES 'assay' male. Receptivity was scored for 1.5 h beginning 1 h after dawn.
Are matings more likely with unmated or recently mated females?
Males were placed together with groups of 'mated' and 'unmated' females, to determine the effect of female mating status. For each assay, intermediate ES 'assay' males (n ¼ 63) were placed individually in containers with three 'mated' and three 'unmated' females each. This sex ratio was chosen to allow males a choice of 'mated' and 'unmated' females, and to allow females a greater potential success of avoiding undesired matings. Females from each group were distinguished by marking them with a small dot of orange or green nontoxic paint on the thorax. The colours used for 'mated' and 'unmated' females were switched half way through the experiment. The mating status of the first females to mate ('mated' or 'unmated') was then recorded for each assay. Female receptivity was assayed for 1 h, starting 1 h after dawn.
Statistical analysis was performed using JMP statistical software (version 3.1.6, SAS institute Inc. 5
1989-96, Cary, NC, USA) for the Apple Macintosh. In all experiments, time until the first mating (in seconds) was normalized using a log transformation and means were compared using t-tests. The number of matings and number of female rejection behaviours were analysed using Wilcoxon rank sum tests as the data were not normally distributed (as determined using Shapiro-Wilk W-tests).
Results
The effect of mating on female receptivity
There were no significant differences in the mean time until first mating, or the mean number of matings between 'mated' and 'unmated' females, for any of the three assay times (Table 1 ). There were no significant differences in the number of female rejections for two of the three assay times (1 h after dawn and 6 h after dawn). However, unmated females performed significantly more rejections than mated females 2.5 h after dawn (P < 0.05).
The effect of large and small ES males on female receptivity.
The ES of neither 'initial' nor 'assay' males influenced female receptivity (Table 2 ). There were no significant differences between 'mated' females mated to small ES 'initial' males and tested with small ES 'assay' males, and 'unmated' females tested with small ES 'assay' males, in the time until first mating (d.f. ¼ 34; P ¼ 0.84), number of matings (n 1 ¼ 18, n 2 ¼ 20; P ¼ 0.59) or the number of rejections (n 1 ¼ 19, n 2 ¼ 20; P ¼ 0.07). There were no significant differences between 'mated' females mated to large ES 'initial' males and tested with large ES 'assay' males, and 'unmated' females tested with large ES 'assay' males, in the time until first mating (d.f. ¼ 38; P ¼ 0.41), number of matings (n 1 ¼ 20, n 2 ¼ 20; P ¼ 0.86) or the number of rejections (n 1 ¼ 20, n 2 ¼ 20; P ¼ 0.12).
We also tested whether the ES size of the 'initial' male had any influence on subsequent female receptivity with 'assay' males. Females that mated a small ES 'initial' male and were tested with a small ES 'assay' male were compared with females that mated with a large ES 'initial' male and were tested with a large ES 'assay' male. There were no significant differences in the time until the first mating (d.f. ¼ 35; P ¼ 0.57), the number of matings (n 1 ¼ 20, n 2 ¼ 18; P ¼ 0.77) or the number of rejections (n 1 ¼ 20, n 2 ¼ 19; P ¼ 0.12).
Finally, the influence of the ES size of the 'assay' male used for the assay was investigated. 'Unmated' females assayed with small ES 'assay' males were compared with 'unmated' females tested with large ES 'assay' males. There was no significant difference in the time until the first mating (d.f. ¼ 37; P ¼ 0.67), the number of matings (n 1 ¼ 20, n 2 ¼ 20; P ¼ 0.35) or the number of rejections (n 1 ¼ 20, n 2 ¼ 20; P ¼ 0.10).
Are matings more likely with unmated or recently mated females?
A total of 63 males were tested and 33 of 63 males mated an 'unmated' female first, and 30 of 63 males mated a 'mated' female first. There was no significant difference between 'mated' and 'unmated' females in the mean number of matings (n 1 ¼ 62, n 2 ¼ 62; P ¼ 0.11) or the number of rejections performed (n 1 ¼ 62, n 2 ¼ 62; P ¼ 0.10).
Discussion
The results of all three experiments showed no significant effect of mating on subsequent female receptivity, for a period of up to 6 h after the initial matings. No significant differences in female receptivity were found between females that had not mated for 3 days ('unmated' females) and females that had been recently mated, in all but one of the assays. Unmated females performed significantly more rejections than mated females 2.5 h after dawn. This may indicate that mated females have increased acceptance of further mating, or that males made more attempts to mate with females which had not copulated that morning. However, this significant difference was markedly isolated. Coupled with the fact that females relatively rarely reject a mating (an average of 0.6 and 1.1 rejections per hour for 'mated' and 'unmated' Table 1 Mean ± standard error of the time until first mating (s), the number of matings and the number of rejections, for 'unmated' or 'mated' females [all matings were with males of 'intermediate' eyespan (ES) width]. Females were assayed with males (one male, one female) in three 1h assay periods, commencing 1, 2.5 and 6 h after dawn. Probability values are for comparisons between the mated and unmated females. Two-tailed t-tests were used to compare means for the logarithmic transformation of the time until first mating, the degrees of freedom and probability values are given. Wilcoxon rank sum tests were used to compare the number of matings and rejections, the sample size of the mated (n 1 ) and unmated (n 2 ) group and the probability values are given. Mean number of matings 1 h after dawn 3.89 ± 0.39 3.75 ± 0.36 n 1 = 55, n 2 = 55; P = 0.88 2 5 h after dawn 2.27 ± 0.19 2.16 ± 0.23 n 1 = 55, n 2 = 55; P = 0.51 6 h after dawn 1.80 ± 0.23 1.47 ± 0.21 n 1 = 43, n 2 = 40; P = 0.30
Mean number of rejections 1 h after dawn 1.1 ± 0.21 1.1 ± 0.26 n 1 = 55, n 2 = 55; P = 0.68 2.5 h after dawn 1.1 ± 0.16 0.64 ± 0.13 n 1 = 56, n 2 = 55; P < 0.05 6 h after dawn 0.50 ± 0.12 0.77 ± 0.15 n 1 = 43, n 2 = 40; P = 0.26 Table 2 Mean ± standard error of the time until first mating (s), the number of matings and the number of rejections, for 'unmated' females, or females mated with large or small eyespan (ES) 'initial' males and subsequently assayed with either large or small ES 'assay' males. All relevant pairwise comparisons were nonsignificant, see the results section for probability values. 0.75 ± 0.14 0.5 ± 0.15 0.45 ± 0.14 females, respectively), this suggests that this result may represent a type I error, rather than a true indication of altered female receptivity. The second experiment investigated whether the ES of the 'initial' male or the ES of the 'assay' male, had any influence on female receptivity. Comparisons of unmated and mated females were consistent with the findings of the first experiment, that mating did not reduce female receptivity. The results showed that the ES of the 'initial' male had no effect on subsequent female receptivity with 'assay' males. The ES of the 'assay' male also had no significant effect on receptivity. These results are surprising, because female C. dalmanni have a preference for matings with large ES males (Burkhardt & de la Motte, 1988; Hingle et al., 2001) . Our results show no evidence that this preference is expressed in terms of female receptivity.
The finding of no effect of mating upon subsequent receptivity in the first two experiments was supported by the results of the third experiment, in which single males were assayed with three 'mated' and three 'unmated' females each. There was no significant difference in the number of matings or rejections performed by 'mated' or 'unmated' females. Thus, even when females had a greater opportunity to avoid copulation through the presence of other females in the container, no mating-induced reduction in receptivity was evident. In this experiment, males also had the opportunity to mate with 'mated' or 'unmated' females. However, there was no evidence of a bias in favour of matings between males and 'unmated' females, suggesting that males cannot discriminate on the basis of female mating status.
The lack of a reduction in female receptivity following mating could be because of: (i) an absence of factors that change female mating propensity as a result of mating, (ii) a lack of capacity to detect changes in female receptivity in our experimental design or (iii) sexually antagonistic factors that alter female receptivity but whose effects are masked by counter-adaptation.
Our results support the first of these possibilities. Male and female C. dalmanni both mate multiply, which led us to the a priori prediction that males may be selected to decrease female receptivity, in order to delay remating with other males, and therefore enhance the success of their own vs. rival sperm (Parker, 1970) . However, the assumption that females immediately remate with other males may not be met in this species. Females of this species choose roosting aggregations controlled by large ES males, and the majority of matings occur at dawn within the aggregation (Burkhardt & de la Motte, 1988) , meaning that females may mate multiply with the same male on a given morning. Sperm limitation may increase the probability that females remate with the male controlling the aggregation, which would not lead to selection on males to decrease female receptivity. An additional factor that would decrease selection pressure on males to prevent female remating is strong first male sperm precedence. A sister species, C. whitei, shows sperm mixing and first male sperm precedence (Lorch et al., 1993) , although the pattern of sperm precedence in C. dalmanni is currently unknown. While female multiple mating led us to predict male mediated initiation of a refractory period, the lack of a significant decrease in female receptivity as a consequence of mating in C. dalmanni may be explained in the context of this species ecology, behaviour and physiology.
The second possibility is that mating does decrease female receptivity but that the design of the three experiments minimized the detection of any effect. Previous experiments (e.g. Hingle et al., 2001 6 ) have found that females are able to discriminate between males with a certain degree of difference in ES in pairwise choice tests. It is possible that in our experimental design, where females were not given the opportunity to compare large and small ES males simultaneously, females are less discriminating in their rejection behaviour. Additionally, these experiments do not make a distinction between male persistence and female resistance. However, the third experiment provides some evidence that male persistence is not influenced by female mating status, as there is no difference in the distribution of matings between, or in the number of matings rejected by, 'mated' and 'unmated' females. The experiment also increases the likelihood that females could avoid male mating attempts by increasing the female sex ratio bias, although if male mating propensity was sufficiently high then any attempts by females to reject male copulation attempts in a limited space might have been ineffective. However, sexually immature C. dalmanni females frequently successfully reject male copulation attempts, by leg and wing movements as well as through running and flying away (C.A. Grant, unpublished observations) in conditions similar to those in these experiments. This suggests that females do have the ability to reject matings but do not exercise this as a result of mating, or under these experimental conditions. Finally, it is possible that males are selected to decrease female receptivity but that 'red queen' style sexual antagonistic coevolution may have masked any effects attributable to mating (Rice, 1996; Holland & Rice, 1998) . A decrease in receptivity upon mating, in females that are already sperm limited, would have strong fitness consequences, and would select for adaptation in females to counter the effects of mating on receptivity. It has been suggested that sexually selected traits, such as the male ES of C. dalmanni, may have evolved partly to seduce females with low receptivity into remating (Sakaluk et al., 1995) . Our results do not support this hypothesis, however, as females assayed with large ES males were not more willing to mate. As female preference for males with large ES has been previously demonstrated under experimental conditions where females are presented with a binary mate choice (Hingle et al., 2001) , future work should be based around experiments designed to incorporate female preference.
